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The World Agricultural Outlook Board (WAOB), under the direction of the Department of Agriculture's
Ofﬁce of the Chief Economist, employs a staff of agricultural meteorologists whose mission is to monitor
and assess the impacts of weather and climate on crops in key growing areas throughout the world. The
results of those analyses contribute to the deliberations conducted by the Interagency Commodity Es-
timates Committees (ICEC) led by analysts at the World Agricultural Outlook Board. The results of those
deliberations can be found in the World Agricultural Supply and Demand Estimates (WASDE) report, one
of the designated Principle Federal Economic Indicators issued monthly by the Federal Government
(White House (Ofﬁce of Management and Budget), 2015). The process used to develop those estimates
each month requires the integration of an assessment of the current climatic conditions with knowledge
of the agricultural practices and market conditions of a particular country. Weather and climate data are
used in conjunction with information on when and where crops are planted, production practices in-
cluding irrigation, which varieties are best suited for that particular climate, and what naturally occurring
hazards can be expected in any given year. Being able to closely compare current conditions to historic
observations of weather and realized output on a ﬁne scale, temporally and geographically, is a key
component of the international estimates in the WASDE process.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The Ofﬁce of the Chief Economist (OCE) at the U.S. Department
of Agriculture (USDA) coordinates and provides economic analysis
of market conditions and policies that have a signiﬁcant impact on
the agricultural economy. To do so it houses the Climate Change
Program Ofﬁce, the Ofﬁce of Risk Assessment and Cost Beneﬁt
Analysis, the Ofﬁce of Energy Policy and New Uses, and the Ofﬁce
of Environmental Markets, the Director of Sustainable Develop-
ment, and the Agricultural Labor Affairs Coordinator.
In addition, a key organization within the OCE is the World
Agricultural Outlook Board (WAOB). The WAOB is comprised of
agricultural economists and meteorologists who provide economic
intelligence to the Chief Economist on commodity supply and
demand. The WAOB responsibility, however, is to publish the
monthly World Agricultural Supply and Demand Estimates, or
WASDE report.
The WASDE represents the USDA's consensus view of foreign
and domestic supply and demand for the major crop and animalaccess article under the CC BY-NC
nsson).commodities for the current and previous market years as well as
prices received by farmers. To develop that view the WASDE
process involves compiling the best market intelligence of major
producing and consuming regions from USDA analysts at home
and abroad. The evaluation goes beyond the analysis of the US
market as information on production in primary competitors and
demand around the world are crucial to evaluating the US trade,
stocks and price position. In evaluating US and foreign markets,
the WAOB utilizes many USDA and external data sources to project
production and consumption levels. In assessing domestic supply
the WAOB utilizes ﬁeld observations and farmer surveys on area,
yield and stocks as well as information on livestock production as
compiled and reported by the National Agricultural Statistics Ser-
vice (NASS). Assessment of domestic demand uses a mix of re-
cently established current agricultural industrial reports from
NASS as well as industry surveys, customs estimates, or inferred
quantities taken from other surveys.
In evaluating conditions outside the United States, other
country's ofﬁcial reports on agricultural production and con-
sumption, station and satellite observations of weather and ve-
getation provided by the National Oceanic and Atmospheric Ad-
ministration (NOAA) and National Aeronautics and Space Admin-
istration (NASA) are utilized. Additionally, local policy, market and-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Cumulative rainfall (in mm) averaged from 9 WMO stations in northern
Italy's Po River Valley. Solid red line denotes 2015, with the core of the drought
starting in late June. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 2. The total July rainfall averaged over 9 WMO stations representing primary
corn areas of northern Italy. July, 2015 was the driest going back to 1980.
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Foreign Agricultural Service (FAS) stations out of their respective
embassies.
The monthly assessment process is led by a WAOB commodity
specialist who chairs an Interagency Commodity Estimates Com-
mittee (ICEC) consisting of experts from ﬁve USDA agencies to
review each commodity. The World Agricultural Outlook Board
chairs and organizes the ICECs with the participation and ex-
pertize of FAS, the Agricultural Marketing Service (AMS), the
Economic Research Service (ERS); the Farm Service Agency (FSA).
Each of the agencies brings unique datasets, research and market
expertize to the committee. The crop committees assess US and
foreign crop production, individual country supply and demand
while simultaneously balancing world trade over the current and
subsequent marketing year. The assessment of livestock markets
focuses on domestic markets supported by those same agencies.
USDA has been in the business of providing unbiased economic
information to the public since its inception by President Lincoln
in 1862. Indeed USDA published its ﬁrst statistical report on crop
conditions during the Civil War in 1863 (Ajemian, 2012). Arguably
one of the most valuable services that USDA provides the public is
the regular release of unbiased analysis and data on supply and
demand. Those unbiased estimates underlie innumerable market
positions and risk management decisions by commodity traders,
ﬁnancial institutions, and other market participants, such as
farmers, and agribusinesses who might not otherwise have access
to similar information produced by private sector analysts. The
timely and unbiased release of market information reduces market
uncertainty and improves the symmetry of market information
(Good and Irwin, 2005; Sanders and Manfredo, 2003).
In making those estimates, WAOB considers the likely impacts
of weather on crop production. WAOB meteorologists make a
crucial contribution in the provision of those weather analyses in
key world growing regions during the growing season. The ana-
lyses conducted by WAOB meteorologists are incorporated into a
variety of products, but particularly into USDA's monthly forecast
of global agricultural supplies for the main agricultural commod-
ities and published in the WASDE reports. The WASDE is one of the
Principal Federal Economic Indicators for the United States (White
House (Ofﬁce of Management and Budget), 2015).
Each ICEC synthesizes those data along with contributions by
collaborating agencies to project production in a forecasting cycle
based on the local phenologic development and marketing year
for each commodity. Several times per year, USDA's NASS forecasts
domestic crop area in Prospective Plantings and Acreage reports.
Domestic yield and production forecasts and estimates are pro-
vided in its monthly and annual Crop Production reports and
Annual Small Grains report; available supplies are reported in the
quarterly Grain Stocks and Rice Stocks reports. The ICEC in-
corporates those NASS forecasts and estimates into WASDE,
creating a balance sheet of consensus estimates for each com-
modity, including the elements of supply and demand, as well as
the season-average farm prices, released simultaneously each
month with the Crop Production report.2. Role of meteorology
As The WAOB employs a staff of agricultural meteorologists,
who monitor and assess the impacts of weather and climate on
crops in key growing areas throughout the world. Those meteor-
ologists publish assessments regularly in various publications
(Ofﬁce of the Chief Economist (USDA), 2015). For example, WAOB
meteorologists merge data obtained from the World Meteor-
ological Organization (WMO) with climatological analyses and
agronomic data to project the potential impact on agriculturalyields of climate to date. Qualitative assessments of domestic and
international agricultural weather conditions are then published
in the Weekly Weather and Crop Bulletin, jointly produced by
WAOB, NASS, and the National Oceanic and Atmospheric Agency/
National Weather Service of the Department of Commerce.
Estimates of crop yield potentials are a key component to es-
timating international commodity supply in a particular region.
Those potentials are a function of numerous agro-economic,
weather- and climate-related variables. The WAOB meteorologists'
estimates of those crop-yield potentials contribute to USDA's
monthly foreign production estimates. The evaluation of a crop's
yield response is based upon the cumulative effects of weather
during crop development while understanding local production
practices. A crop's estimated response to anomalous weather is a
function of crop type and growth stages. Knowledge of historical
climate data and production patterns in agricultural regions
around the world is critical to those assessments of weather's
potential impact on crop yields. Temperature, precipitation, and
soil moisture are obviously important parameters to understand,
but comparing those conditions, in combination with an assess-
ment of crop stage development, to historic observations for those
regions, including other components such as reservoir storage
capacity, and crop progress are also important components of
those estimates.
The meteorologists present the current growing conditions in a
given country for a given crop in comparison previous seasons
Fig. 3. An example of the dynamic use of USDA's WMO data, imported and analyzed in Excel. Corn stage is denoted by the green dots, while the occurrence of high heat days
(435 °C/95 °F) is depicted by the vertical bars. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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tential production given yield response in those analogous years.
The meteorologists combine this with knowledge of the climate
and agricultural practices of a particular country and an ability to
use state-of-the art software and analytical techniques. It is es-
sential that weather and climate data be used in conjunction with
information on when and where crops are planted, the assessment
of crop development stages, unique agro-climatic conditions in the
region, and what naturally occurring hazards can be expected in
any given year in order to achieve the best results.
The authors will provide an overview of the process employed
by the USDA and the role climate analysis has on the assessment of
global crop production. Several examples of weather events and
crop assessments occurring in major world agricultural areas will
be introduced, highlighting the need for data—both real-time and
historical—and the importance of considering all forms of in-
telligence, with weather as one key element, before making a ﬁnal
estimate of potential crop weather impacts.3. Weather and climate assessments
Weather-based crop yield assessments at the WAOB employ a
wide variety of data and products. Weather station observations
are supplied by the WMO to the WAOB through a cooperative
agreement between the USDA and the National Weather Service's
Climate Prediction Center (NWS-CPC). The data are downloaded
daily and stored in an Oracle database, and are subsequentlyanalyzed using established data-display software developed at the
WAOB or ingested into other software packages, such as GIS
(Geographic Information System, such as ARCMap) and spread-
sheets (Excel) and combined with other information speciﬁc to
crop production. In addition, a multitude of other data sources are
used, including (but not limited to) real-time web-based products
such as satellite and radar imagery, station displays, and weather-
model forecast information. The following examples describe
various techniques used to assess the impacts of weather events
on various crops around the world.
Example 1. : Special products and techniques used in assessing
heat stress in Europe
The primary means for data access and display is the use of
software developed in-house, which employs pre-deﬁned groups
of WMO stations set by WAOB meteorologists to depict the re-
gional weather of primary crop production areas across the globe.
Once representative weather stations of a particular region of in-
terest are designated in the software, meteorologists can readily
call up a large suite of standard and derived products, set ﬂexible
start and stop dates, and easily compare with previous years and
the long-term average. One of the most utilized products is cu-
mulative rainfall (Fig. 1); the start and end dates of the pre-
cipitation time series typically correspond to planting and harvest
dates, respectively, for a crop of interest, but can be manipulated to
focus on speciﬁc periods which may reﬂect key crop development
stages. This allows staff to readily assess the moisture availability
during the various stages of crop development, such as
Fig. 4. The Vegetation Health Index (VHI) supplied by NOAA/NESDIS, displayed in GIS (ARCMap) with non-growing areas masked. The corn production data (inset) supplied
by Eurostat.
Fig. 5. Growing season rainfall in southeastern Australia during three El Niño events.
Data source: Australian Bureau of Meteorology.
Fig. 6. Depiction of heavy rain in the main oilseed areas of central India.
Data source: WMO.
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duration of any potential drought or ﬂooding. In addition, current
accumulation can be compared to previous or analog years to
gauge crop response. In addition, software has been developed
which allows the USDA to easily rank various weather parameters
so as to put extreme weather occurrences in a historical per-
spective (Fig. 2).
The WAOB weather display software also allows the user to
extract raw data for further display. The processed information cansubsequently be downloaded for detailed assessment within a
spreadsheet, with customized highlights and overlays to further
evaluate the potential impacts of signiﬁcant weather events. For
example, meteorologists can overlay the corn growth stage (based
on accumulated Growing Degree Days and Mean Planting Dates)
with the occurrence of potentially damaging heat. In Fig. 3, the
corn growth stage in southern Romania (a major European corn
producing region) for 2015 growing season is plotted with the
maximum temperature, highlighting days when highs reached or
exceed the criteria for crop stress or damage (greater than 35 °C/
Fig. 7. Seasonal comparison of rainfall in years of high and low soybean yields in
Iowa, United States.
Data source: NASS and the National Climatic Data Center (NCDC).
Fig. 8. Cumulative rainfall in the main soybean-producing area of India during the
2013 summer monsoon was the highest in over 30 years.
Fig. 9. Yield series for Indian soybeans.
Source: USDA.
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occurred during the key tassel and silk stages of development on
12 days (with maximum temperatures peaking at 38.5 °C) and
lasted well into the blister and dough stages. Such analytical
methods allow meteorologists to not only alert USDA staff about
weather extremes, but also identify, through crop development
stages, which crops were most vulnerable to adverse impacts. Theuse of this data within a spreadsheet also allows for quick statis-
tical computations as well as the ability to readily compare current
conditions to previous years.
To ascertain the impacts of weather extremes on crop yields,
meteorologists at USDA not only rely on reports from the ﬁeld (i.e.,
in situ weather data) but on remote-sensing data. In particular, the
Vegetation Health Index (VHI) developed and distributed by
NOAA's National Environmental Satellite, Data, and Information
Service (NESDIS) is of great use, particularly in the mid-latitudes.
The VHI data is supplied weekly by NESDIS to the WAOB in a geo-
referenced format, allowing it to be easily imported and manipu-
lated in a GIS environment. Consequently, WAOB meteorologists
are able to zoom in on areas of interest, mask out (cover up) non-
agricultural areas, and readily compare current readings to pre-
vious weeks or years. The VHI provides a ﬁrst warning that ex-
treme weather is having an impact on the overall vegetation
health (and subsequent yield expectations) in major agricultural
areas. As can be seen in Fig. 4, the heat and dryness during key
reproductive phases for corn in the summer of 2015 had wide-
spread adverse impacts in primary production areas of Europe,
supporting the weather data and veriﬁed by preliminary reports
from producers in the ﬁeld and local FAS staff.
Example 2. : Assessing Australian winter wheat during the 1997/
98 El Niño
El Niño is arguably the most well-known climate phenomenon
worldwide because of the local and regional weather events that
are often associated with this climate anomaly. For example, El
Niño is frequently linked to monsoon failures in India, drought in
Indonesia, ﬂooding rains in the southwestern United States, and
warmer- and drier-than-normal weather in Australia (e.g., Rope-
lewski and Halpert (1987)). Indeed, during the most recent 26 El
Niño events, 17 have brought widespread drought to Australia
(Australian Government, Bureau of Meteorology, 2015). Because
crop yields often vary proportionally with precipitation and tem-
perature deviations from normal, El Niño analyses can serve as
useful tools for predicting signiﬁcant increases or decreases in crop
production. For instance, during the 2002 and 2006 growing
seasons, El Niño-related droughts plagued portions of the Aus-
tralian wheat belt, slashing national wheat production by nearly
50% relative to the previous year (Australian Bureau of Agricultural
and Resource Economics and Sciences, 2014). Signiﬁcantly, not all
El Niño events lead to notable precipitation and temperature
anomalies on local and regional levels. In 1997, despite one of the
strongest El Niño events on record, near-normal rainfall in
southeastern Australia (Fig. 5) favored winter wheat development,
leading to a relatively good yielding crop compared with historical
production. These cases demonstrate the potential value of using
El Niño forecasts to assess local and regional crop yields. However,
these scenarios also highlight the need to use such information
with caution because the relationship between El Niño events and
crop production anomalies, albeit strong in several areas world-
wide, is not perfectly correlated.
Example 3. : Excessive rainfall and its impact on soybeans in India
“Rain makes grain” is an old agricultural adage implying grain
yields are proportionately related to the amount of rainfall oc-
curring during the growing season. The adage has long been ap-
plied to all crops in India and, erroneously, to soybeans. The adage
has to be adjusted for local conditions as well as what would lo-
cally constitute above normal rainfall. “Wet feet” has long been
associated with poor soybean yields (United Soybean Board, 2015)
and the heavy clay regur soils in western India's soybean ﬁelds can
exacerbate the problem (Simonson, 1953). Soils can become
quickly saturated during the Indian Monsoon season, with over
Fig. 10. Vegetative Health Index (VHI) for Europe, including the Po River Valley in Northern Italy.
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period (Fig. 6). Christmas (2000) pointed out that without well-
aerated soils, soybeans would yellow due to poor nitrogen ﬁxation
and succumb to potentially fatal root diseases. Using survey data
from NASS, an examination was done comparing soybean yields in
Iowa between 1992 and 1993. These two years were chosen due to
the fact that yields went from historically high in 1992 to his-
torically low in 1993, a year with signiﬁcantly above normal
rainfall during the growing season. Fig. 7 shows yields were better
in 1992 where rainfall averaged nearly 1 in. per week during the
length of the growing season, whereas rainfall approached nearly
2 in. per week in 1993 and was associated with much lower yields.
In 2013, by comparison, rainfall during the Indian Monsoon season
topped 1200 mm (over 47 in.) in soybean areas of western Madhya
Pradesh, 20 percent higher than the long-term average (Fig. 8).
Even with the usual 1000 mm of rain, soybean yields are notor-
iously low (averaging 1.00 kg/Ha), according to Production, Supply
and Distribution data provided by the FAS. But in 2013, the rainfall
inundated soybeans, resulting in the lowest yield since 2004
(Fig. 9) as forecast by the Crop Estimates Committee upon the
advice of the OCE agricultural weather group.
Example 4. : Climate data as a check on other data resources
The analysis of weather data and construction of crop pro-
duction estimates is not done in a vacuum but is done as part of a
larger process where information on crop weather is used as a
check against satellite imagery, foreign state and commercial re-
ports and local staff observations. With weather data as a piece ofthe puzzle, when all data and information are viewed holistically,
inconsistencies may arise. Resolving those inconsistencies may
improve the analysis or the underlying data.
The 2014/15 crop season in Europe and Russia highlighted two
examples where this inconsistency resulted in a better under-
standing of local market conditions and improved provision of the
data. In the ﬁrst instance, satellite measures of both the Vegetative
Health Index (VHI) and the Normalized Difference Vegetative Index
(NDVI) showed low plant vigor for the heavily cropped areas of the
Po River Valley in Northern Italy (Fig. 10). Close scrutiny of rainfall
data, temperatures and soil moisture found them to be unremarkable
for this season. In addition, the heavily irrigated nature of production
in this region indicated that climate conditions were in conﬂict with
readings of plant vigor as identiﬁed by the satellite (Purcell, 2014).
Prompted by this contradiction, further investigation revealed that
due to low corn prices and cheaper imports of Asian rice, farmers in
the valley had decided to shift signiﬁcant area to later developing
soybeans, shifting the pattern of crop development in the satellite
derived vegetative health signatures, peaking later in the season. The
apparent contradiction was resolved through closer scrutiny which
improved the overall assessment of both the grown crop (soybeans)
and the displaced crops (corn and rice).
In some instances, however, the contradiction results in an
improvement or correction of the underlying data. In the same
growing season, weather station data for the Southern District of
Russia, a key growing region for winter wheat, corn and sunﬂower,
showed signiﬁcant precipitation shortfalls during the key re-
productive phase of wheat (Fig. 11). At the same time the VHI for
Fig. 11. Vegetative Health Index and related precipitation data as erroneously reported in Southern Russia.
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investigation, it was determined that the weather data in the
Southern District was in error. The error was identiﬁed and re-
ported to the National Weather Service and where they im-
plemented a correction. The expertize and holistic look at crops in
the region resulted in an improvement of reported data.4. Summary
Agricultural weather assessments are key components of the U.
S. Department of Agriculture's monthly World Agricultural Supply
and Demand Estimates reports, one of the Principle Federal Eco-
nomic Indicators issued monthly by the Federal Government. The
weather analyses is performed by a staff of highly-trained me-
teorologists using state of the art technology to incorporate var-
ious sources of data and related products into their routine as-
sessments. Working with USDA commodity experts, the group of
meteorologists support the preparation of unbiased estimates
published in the reports, which is heavily used by commodity
traders, ﬁnancial institutions, agribusinesses and other market
participants, most notably farmers. Timely assessments of the
impacts of various weather and climate extremes in different parts
of the world help to assure the quality and consistency of the
monthly WASDE and of other reports released to the public, in-
cluding the Weekly Weather and Crop Bulletin, published jointly
with the National Weather Service.References
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